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PREFACE 

This research w a s  supported by t h e  J e t  Propuls ion Laboratory,  

C a l i f o r n i a  I n s t i t u t e  of Technology, under Contract  No. N-33561 

(NAS 7-100). The material was f i r s t  presented i n  a t a l k  a t  t h e  

A p r i l  1962 meeting of t h e  American Geophysical Union, P l a n e t a r y  

Sciences Subgroup. 

The t i t l e  denotes our i n t e n t i o n  t o  l i m i t  t h e  d i s c u s s i o n  t o  

l u n a r  depths t h a t  can be judged from o p t i c a l ,  thermal ,  r a d i o ,  and 

r a d a r  d a t a .  The depth concerned happens t o  be of t h e  o r d e r  of one 

dec i m e  t e r . 
The au tho r ,  a c o n s u l t a n t  t o  The RAND Corporat ion,  i s  P r o f e s s o r  

of Meteorology and Climatology a t  t h e  Univers i ty  of Washington i n  

Sea t t l e .  This  r e p o r t  i s  a c o n t r i b u t i o n  toward achiev ing  an under- 

s t a n d i n g  of t h e  n a t u r e  of t h e  sur face  of t h e  moon by i n d i r e c t  

observa t ion .  
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ABSTRACT 

The e lec t romagnet ic  emission from the moon i s ,  i n  p r i n c i p l e ,  a 

source of  much va luable  information on lunar  s u r f a c e  c h a r a c t e r i s t i c s .  

However, i n  o rde r  t o  i n t e r p r e t  the da ta ,a  number o f  assumptions a r e  

o r d i n a r i l y  made. The au thor  d iscusses  some of these ,  i n d i c a t i n g  t h a t  

under c e r t a i n  cond i t ions  they may not  ho ld  and t h a t  t h i s  circumstance 

may lead  t o  i n c o r r e c t  conclusions about t he  phys ica l  p r o p e r t i e s  of 

t he  moon. 
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I. INTRODUCTION 

The r e f l e c t i v i t y  and p o l a r i z a t i o n  of t h e  moon's e lectromagnet ic  

emission, i f  measured a t  var ious  i n f r a r e d  and r a d i o  wavelengths, can 

y i e l d  va luable  d a t a  on the  lunar su r face :  thermal d a t a  such as h e a t  

conduc t iv i ty ,  and r a d i o  d a t a  such as e l e c t r i c a l  conduct iv i ty .  

t hese  da t a ,  i n  t u rn ,  w e  may i n f e r  mechanical da t a  such a s  the  t e x t u r e ,  

t he  dens i ty ,  and the  s t r eng th  of t he  s u r f a c e  mater ia l .  

t hese  in fe rences  i s  arduous and usua l ly  begins  wi th  c e r t a i n  s i m p l i f i c a t i o n s  

i n  the  assumptions.  

From 

The way t o  

Many theor ies ( ' )  about the  composition and t ex tu re  of the lunar  

su r face  based on r a d i a t i o n a l  temperature measurements s e e m  t o  t ake  

f o r  granted t h a t  ( a )  i n f r a r e d  emission i s  r a d i a t e d  only by the  very 

s u r f a c e ;  (b)  s o l a r  r a d i a t i o n  does not  p e n e t r a t e  the  lunar  su r face ;  

( c )  t he  s p e c i f i c  h e a t  and the  s p e c i f i c  d e n s i t y  of lunar  su r face  

mat te r  a r e  cons tan t  with r e spec t  t o  temperature  and time; (d)  h e a t  

conduc t iv i ty  does not  change with temperature  o r  t i m e ;  and ( e )  no 

unbound metals occur on t h e  lunar su r face .  

Each of t he  above f i v e  assumptions c o n s t i t u t e s  a p o t e n t i a l  

p i t f a l l  f o r  t he  lunar  researcher .  This  p a p e r  a t tempts  t o  eva lua te  

t h e  e f f e c t  of each of t hese  p i t f a l l s .  
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11. INFRARED EMISSION 

A thermocouple o r  thermis tor  i n  t h e  focus of a m e t a l l i c  pa rabo l i c  

r e f l e c t o r  d i r e c t e d  a t  an  area of t he  moon can give us d a t a  on lunar  

h e a t  emission.(' '*) 

experiments must take  i n t o  account t h e  t ransmiss ion  through and the  

emission by such in te rposed  media as f i l t e r s  i n  t h e  d e t e c t i n g  equipment 

and t h e  e a r t h ' s  atmosphere. The l a t t e r  makes obse rva t ion  of lunar  

h e a t  rays  d i f f i c u l t .  

The i n t e r p r e t a t i o n  of t he  r e s u l t s  of t h e s e  

From the  measured and co r rec t ed  va lues  of h e a t  emission, we 

may es t imate  temperatures of t he  lunar  s u r f a c e  under s p e c i f i e d  

condi t ions  such a s  f u l l  moon o r  lunar  e c l i p s e .  

The va lues  t h a t  we d e r i v e  from measurements can b e s t  be explained 

by assuming t h a t  t he  values  of t h e  thermal-contact  c o e f f i c i e n t  a r e  

The thermal-contact c o e f f i c i e n t ( 3 )  i s  4/1'.pc, where k equals  h e a t  

low. 

-1 -1 -1 -3 conduct iv i ty  i n  c a l  cm sec deg , p i s  t h e  d e n s i t y  i n  gm cm , 
-1 -1 and c i s  t he  s p e c i f i c  h e a t  i n  c a l  gm deg . This ,  i n  t u r n ,  l e t s  

us expect a m a t e r i a l  of a r a t h e r  low dens i ty ,  which could be e i t h e r  

dus t  o r  a granular  mater ia l  o r  a f i b r o u s  o r  porous ma t r ix .  Outgoing 

i n f r a r e d  emission could then escape through t h e  upper s t r a t a  by way 

of i n t e r s t i c e s  among the  p a r t i c l e s ,  I f  t h i s  outward p e n e t r a t i o n  i s  

equal  a t  a l l  wavelengths,  i t  w i l l  be convenient  t o  say t h a t  t h e  moon 

has  one e f f e c t i v e  emi t t i ng  l aye r  (independent of wavelength) 

somewhere below t h e  su r face .  

I n  a s i m i l a r ,  more f a m i l i a r  subs tance ,  snow, on a c l e a r  n i g h t ,  

t he  temperature minimum w a s  found to  be 0.7 c m  below t h e  s u r f a c e .  (4) 
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I 

This minimum w a s ,  i n  p a r t ,  an  e f f e c t  of t he  r a d i a t i o n a l  cool ing  o f  

t h a t  l e v e l .  On t h e  moon a t  n ight ,  however, t he  top  s t r a tum would b e  

co lder  than  t h e  e f f e c t i v e  emi t t ing  l aye r ,  so t h e  e f f e c t i v e  emi t t i ng  

l aye r  would not  r ep resen t  a temperature minimum. 

The r a d i a t i o n  from the  e f f e c t i v e  emi t t i ng  l aye r  on the  moon 

i s  in t e rcep ted  by our thermocouple o r  thermis tor  sensor  and i s  

c o r r e c t l y  i n t e r p r e t e d .  This i n t e r p r e t a t i o n ,  of course,  may only 

be a t t r i b u t e d  t o  t h e  e f f e c t i v e  emi t t i ng  l aye r .  But i n t e r p r e t a t i o n  

becomes d i f f i c u l t  i f  t ransmission through the  top l a y e r s  i s  not  equal  

f o r  a l l  wavelengths.  

Lunar emission corresponds t o  su r face  temperatures  ranging from 

150° t o  400°K. 

of t he  maxima of emission ranging from 19.2 microns t o  7.2 microns,  

C r y s t a l s  such as N a C 1 ,  KC1, and CaF t ransmi t  p ropor t iona te ly  

more of t h e  t o t a l  400-degree emission than  of t h e  emission a t  

150 . Of the  emission a t  150 , only the  short-wave p o r t i o n  

o f  t h i s  range could emanate. It i s  important t o  consider  t h e  

p o s s i b i l i t y  t h a t  such c r y s t a l s  may be present  i n  lunar  su r face  

mater ia l .  

This range corresponds ( a f t e r  Wien) t o  a v a r i a t i o n  

2 

o *  0 

T e r r e s t r i a l  s enso r s  rece ive  r a d i a t i o n  only i n  the  water-vapor 

0 
window from 8 t o  12 microns. For a 400 K r a d i a t i o n ,  t h i s  window 

*An i n v e s t i g a t i o n  should b e  made t o  r evea l  what o t h e r  c r y s t a l s  
show similar  i n f r a r e d  t ransmission c h a r a c t e r i s t i c s  . 
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admits a range o f  wavelengths near t h e  Wien maximum. 

a t  maximum lunar  su r face  temperature,  which occurs  near  f u l l  

moon, a s ta te  of near equi l ibr ium i s  reached and v e r t i c a l  temperature  

g rad ien t s  are  s m a l l  un l e s s  the  su r face  material c o n s i s t s  of 

Moreover, 

t r ans lucen t  p a r t i c l e s ,  a case  which i s  d iscussed  i n  P a r t  111. 

Consequently, our temperature e s t ima tes  of t h e  e f f e c t i v e l y  

emi t t i ng  stratum r a d i a t i n g  a t  400 K may be nea r ly  c o r r e c t .  0 

When t h e  su r face  of t h e  moon i s  cool ing ,  however, i f  deeper 

l a y e r s  remain warm,  our  sensor  may r e c e i v e  a long  with the  r a t h e r  

"cold" s igna l s  from t h e  su r face  a d d i t i o n a l  s i g n a l s  from w a r m ,  bu t  

deeper,  l ayers .  Although t h i s  l a t t e r  p o r t i o n  of t he  t o t a l  s i g n a l  

emit ted may be small, i t  might comprise a d i sp ropor t iona te ly  l a r g e  

po r t ion  of t h e  s i g n a l  recorded i n  our  s enso r ,  s i n c e  t h i s  "warm" 

s i g n a l  passes  more e a s i l y  through both f i l t e r s ,  f i r s t  through 

our hypo the t i ca l  c rys t a l s  on the  moon, and second, through the  

atmospheric water-vapor window. 

Such a n  e f f e c t  would be s t r o n g  a t  t h e  beginning of an e c l i p s e ,  

inasmuch a s  v e r t i c a l  temperature  g r a d i e n t s  are then  s t eep .  Our 

sensor ,  as t h e  temperature dropped, would begin  t o  r e g i s t e r  

s i g n a l s  from progres s ive ly  deeper l a y e r s .  The deeper l a y e r s  be ing  

w a r m e r ,  the i n t e r p r e t a t i o n  of t h e  s i g n a l  would tend t o  g ive  a warm 

b i a s .  
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111. SOLAR-RADIATION PENETRATION 

T e r r e s t r i a l  nonmetal l ic  p a r t i c u l a t e  substances showing d i f f u s e  

albedo f o r  a c e r t a i n  wavelength are a l s o  pene t ra ted  by the  same 

wavelength. We have only t o  th ink  of snow, clouds,  sand, dus t ,  o r  

our  own sk in .  

t h e  s i z e  and form o f  the  p a r t i c l e s ,  and a l s o  on the  wavelength, 

t h e  p o l a r i z a t i o n ,  and the  angle of incidence of l i g h t .  The s o l a r  

Re la t ions  between albedo and pene t r a t ion  depend on 

albedo of snow, f o r  ins tance ,  ranges from 40 t o  95 per  cent ,  ( 5 )  

and snow's e x t i n c t i o n  c o e f f i c i e n t ,  p, f o r  sun rays ranges from 

about 0.1 t o  1 c m  . A t h i ck  snow l a y e r  of  75  per cent  albedo 

shows p = 0.54 c m  N o  data  on both albedo and p f o r  t h e  same 

sand sample are  a v a i l a b l e .  However, t h e  s o l a r  albedo of sand may 

reach 40 per  cent ; (7 '  e x t i n c t i o n  d a t a  f o r  s o l a r  

der ived  from Geiger ' s  t e x t  book,(5) showing t h a t  p = 23 cm 

f i n e  sand of 0.1 - 0.5  m gra in  s i z e ;  and p = 3.2 cm , f o r  f i n e  

g rave l  of 4 - 6 m gra in  s i ze .  

shows about 55 per  cent  albedo and p = 2 c m  . 

-1 

. (6) 

r a d i a t i o n  could be 

-1 
f o r  

-1 

White human s k i n  i n  r ed  l i g h t  

-1 

The lunar  albedo i n  v i s i b l e  l i g h t ( 8 )  ranges from 5 per cen t  

t o  17 per  cent ,  t he  c r a t e r  of Ar i s t a rchus  being the  h ighes t .  This 

a lbedo,  however, depends on the wavelength, t h e  red albedo a t  0.8 

microns being g r e a t e r  by about 2 1/2 times than the u l t r a v i o l e t  

??e data 2bQ"t ir?frzrP-c! lunar a lbedo (9) albedo =ear 0.33 micrzns. 

appear t o  be  on record .  

about h a l f  of t he  s o l a r  r a d i a t i o n  is  i n f r a r e d .  Should the  albedo 

r ise  f u r t h e r  with inc reas ing  wavelength, the i n t e g r a t e d  s o l a r  albedo 

These da t a  would be important,  inasmuch as 



-6- i 

would be s u b s t a n t i a l l y  h igher  than t h e  5 t o  17 per  cent  va lues  

given above. 

The r e s u l t s  ob ta ined  i n  lunar  photometry under var ious  angles  

of incidence and emanation(9) can be explained b e s t  by assuming 

t h a t  the lunar  sur face  has  a f i n e  pockmarked c h a r a c t e r .  The 

reduct ion of  a lbedo by p i t t i n g  i s  such t h a t  i f  t h e  lunar  s u r f a c e  

s t r u c t u r e  down t o  the  m i l l i m e t e r  l e v e l  o r  l e s s  were smoothed o u t ,  

a lbedos of up t o  40 p e r  cen t  would be expected. (lo) This a lbedo 

suggests  t h e  kind of su r face  w e  s ee  on e a r t h  i n  dunes and snowfields .  

The t o t a l  s o l a r  a lbedos must be s t i l l  l a r g e r  i f  t h e  i n f r a r e d  albedo 

i s  higher  than  the  v i s i b l e .  

To es t imate  t ransparency from albedo,  w e  obviously have t o  

r e f e r  t o  t he  imaginary smoothed-out su r face .  Consequently, we d e a l  

with r a t h e r  high albedos f o r  our  e s t ima te  of pene t r a t ion .  With an  

assumed v i s i b l e  albedo of 40 per  cent  f o r  Ar i s t a rchus ,  we expect  

(from our sand and snow d a t a )  va lues  of t he  e x t i n c t i o n  c o e f f i c i e n t ,  

p, of the o rde r  of 10 cm . -1 

There i s  a d d i t i o n a l  evidence f o r  pene t r a t ion .  The observed 

p o l a r i z a t i o n  of lunar  su r face  a r e a s  changes roughly inve r se ly  

wi th  the  albedo.  (I1) 

high albedo, which t h e r e f o r e  presumably c o n s i s t  of g r a i n s  of 

Tlie low p o l a r i z a t i o n  observed i n  areas of 

t ransparent  o r  t r a n s l u c e n t  mater ia l ,  i s  probably caused by l o s s  

of po la r i za t ion  a s  the  l i g h t  p e n e t r a t e s  and escapes t h e  medium a f t e r  

many random sca t te r ings . ( ' ' )  This  can  be taken as evidence t h a t  

t he  ma te r i a l s  comprising the  whi te  l una r  areas a re  more t r a n s l u c e n t  

than those of t he  dark areas. 
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Pene t r a t ion  by emission a l t e r s  t he  v e r t i c a l  temperature 

d i s t r i b u t i o n  i n  the  m a t e r i a l  being i l lumina ted .  

r epor t ed  f o r  o ld  snow (12,13) with k equal ing 

Daytime temperature 2 - 3 c m  below the  sur face  w a s  about 3 

h igher  than below and above. This l o c a l  maximum w a s  p a r t  of t h e  

d a i l y  v a r i a t i o n  induced by v a r i a b l e  s o l a r  r a d i a t i o n  and coo l ing  

a t  o r  near t he  su r face ,  by convection, and by i n f r a r e d  emission. 

One example i s  

cgs u n i t s ,  

0 C 

To eva lua te  t h e  importance of pene t r a t ion  f o r  t h e  moon, we 

c a l c u l a t e  a s impl i f i ed  model of a n  e c l i p s e .  

equ i l ib r ium during an  imaginary f u l l  moon of long du ra t ion .  We 

then  suddenly s top  the  incoming s o l a r  r a d i a t i o n .  

We begin wi th  r a d i a t i o n  

During equi l ibr ium, we have 

ar ~c - = I e -pX ax 0 

where x = depth i n  cm, and Io i s  t h a t  p a r t  o f  the  nonref lec ted  

s o l a r  r a d i a t i o n  which has  the  extinctLon c o e f f i c i e n t  p. I n t e g r a t i o n  

of  (1) y i e l d s  

(T - To) = Io (1 - 

Equat ion (2)  se rves  as  a f i r s t  boundary condi t ion ,  being v a l i d  f o r  t i m e  

t < 0. For t > 0,  we have a t  x = 0 

k a T/axs = u Ts 4 
S ( 3 )  

where the  s u b s c r i p t  s r e f e r s  t o  t h e  e f f e c t i v e l y  emi t t i ng  stratum. 

-2 -1 

h e a t i n g  becomes s u b s t a n t i a l  i f  kp < 10 cgs.  

With Io of the  order  loe2 c a l  cm sec  , t h e  subsurface 

-2 
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For numerical  t reatment ,  we convert  t he  d i f f e r e n t i a l  equat ion  
* 

of h e a t  conduction i n t o  a d i f f e r e n c e  form 

o r  

where A t  and Ax a r e  time and depth increments and t h e  T s u b s c r i p t s  

mean time and depth,  r e s p e c t i v e l y .  

cp (Ax)2(At) k = 1/2, which y i e l d s  

We then  s e l e c t  Ax and A t  so t h a t  

-1 -1 

This method w i l l  y i e l d  t h e  temperature  a t  a l l  p o i n t s ,  except  

t h e  f i r s t ,  t he  su r face ,  and the  l a s t ,  t h e  lowest  l a y e r  considered.  

The v e r t i c a l  temperature  g rad ien t  approaches zero  f o r  l a r g e  x,  so 

i f  t he  c a l c u l a t i o n  i s  continued t o  a s u f f i c i e n t l y  g r e a t  depth,  l a y e r s  

s t i l l  deeper would con t r ibu te  n e g l i g i b l y .  

i s  given from Eq. ( 3 ) ,  o r ,  i n  d i f f e r e n c e  form, 

The su r face  temperature  

aAx 4 
T t O  

- -  
T t O  = Ttl k 

I n  an experiment suggested by the  au tho r ,  and conducted by 

S h o r t h i l l  and S a a r i ,  (2) t h e  temperatures  of t h e  r a t h e r  b r i g h t  c r a t e r  
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Ari s t a rchus  and of i t s  dark environment were determined throughout 

t he  course of an e c l i p s e .  The two temperature curves  a r e  shown i n  

F ig .  1; t h e i r  f i n a l  d i f f e r e n c e  i s  about 28'K. 

F igure  2 shows t h e  r e s u l t  of a c a l c u l a t i o n  made by G. Maykut 

on t h e  I B M  709 with depth increments of 0.03 t o  0.2 cm and t i m e  

i n t e r v a l s  of 60 sec .  

F igure  2 shows r e s u l t s  f o r  I = 0.01 ca l  sec -1 ; k = 10 -5 
0 

-1 -1 -1 -1 c a l  cm sec  deg ; pc = 1 cgs; and p = 3, 10, 30,  and 03, i n  cm . 
Temporal d e t a i l s  of F ig .  1 obviously cannot be reproduced because 

of t he  long penumbra phase. Figure 2 shows a d i f f e r e n c e  comparable t o  

S h o r t h i l l ' s  d a t a  f o r  the pene t r a t ing  (p = 10 cm 
-1 ) versus 

nonpenetrat ing case  (p = m ) .  

Figure  3 shows another  t r y  with a higher  conduct iv i ty  k.  We 

s t i l l  see a s u b s t a n t i a l  devia t ion  between a penet ra ted  area (p = 7) 

and the  nontransparent  environment (p = a). 

F i n a l l y ,  an  at tempt  was made t o  determine whether depth of 

p e n e t r a t i o n  s t i l l  would have a s i g n i f i c a n t  e f f e c t  i f  we assume t h a t  

m a t t e r  i s  denser a t  deeper l aye r s ;  such an  assumption seems obvious 

and has  been used i n  a l l  modern  explanation^(','^'^^) of t h e  lunar  

s u r f a c e  temperature regime during luna t ion  o r  e c l i p s e .  This  explana t ion  

w a s  a l s o  used by S h o r t h i l l  and Saa r i (2 )  t o  exp la in  t h e i r  own 

temperature  d a t a  on Ar is ta rchus  and o the r  b r i g h t  c r a t e r s  as compared 

wi th  t h e  darker  environs.  

The p resen t  i n t e r p r e t a t i o n s  fo l low Le t t au  (l4,I5) i n  assuming t h a t  

k inc reases  with depth.  
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Aristarchus r enters penumbra 

1 1 I t I  1 I 1 1 

T i m e  (min) 

Fig. 1 - T h e  surface temperature of Aristarc hus during eclipse 
( a f t e r  Shorthi l l  and Saori  1 
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We a l s o  p o s t u l a t e  a c e r t a i n  increase  of t h e  volume s p e c i f i c  h e a t  by 

p u t t i n g  

pc(x) = 0.1528 tan-’x + 0.32 cgs  ( 8  1 

I n  a c t u a l  machine c a l c u l a t i o n ,  i nc reas ing  k and pc va lues  were 

given each consecut ive layer  of the  g r i d  used. Figure 4 shows the  

r e s u l t  f o r  Io = 0.01 cgs and p = 10 cm 

pene t r a t ed  and unpenetrated a reas  i s  s t i l l  s t r o n g  i n i t i a l l y ,  b u t  

seems t o  l e s sen  l a t e r .  

-1 . The d i f f e r e n c e  between 

The r e l a t i o n  between br ightness  and temperature dev ia t ion  can 

be seen i n  topographical  d e t a i l .  (*) 

i s  very b r i g h t ;  the  apparent  temperature maximum dur ing  an e c l i p s e  

co inc ides  with t h i s  a r ea .  Copernicus, on t h e  o the r  hand, shows albedo 

maxima near  t h e  r i m ,  and i t  i s  i n  t h e  area of t hese  b r igh tness  maxima 

t h a t  t he  h ighes t  temperatures a re  recorded dur ing  an e c l i p s e .  

The c e n t r a l  crater of Ar is ta rchus  

Our c a l c u l a t i o n s  are but  a f i r s t  s t e p  i n  a thorough s tudy of 

lunar  emission e f f e c t s .  I n  t h i s  a n a l y s i s ,  t h e  i n i t i a l  su r f ace  

temperature  w a s  assumed t o  be equal f o r  pene t ra ted  and unpenetrated 

a r e a s ,  and the  poss ib l e  dependence of k and c on T was ignored. As 

observed, (2) t h e  pene t ra ted  a reas ,  having h igher  albedo, a c t u a l l y  

2 r e  cc lde r  befcre the e c l i p e  than the  unpenetrated da.rk environsi 

More observa t ions  and more c a l c u l a t i o n s  w i l l  be necessary before  

unambiguous i n t e r p r e t a t i o n s  can be made. 
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Some p r a c t i c a l  consequences of our a n a l y s i s  a r e  obvious.  

The c r a t e r  Ar is ta rchus  might be expected t o  have an abnormally h igh  

thermal con tac t  c o e f f i c i e n t  ( Jk p c ) because of i t s  apparent 

c h a r a c t e r i s t i c  of r e t a i n i n g  hea t  during a n  e c l i p s e .  This would 

i n d i c a t e  a h igher  than  normal mechanical s t a b i l i t y .  Unfortunately,  

we  have t o  warn a s t r o n a u t s  not to  land on t h i s  very b r i g h t  spo t ;  

i t  might equa l ly  w e l l  be qu i t e  s o f t ,  s i n c e  t h e  observed e f f e c t  may 

be due t o  escape of r a d i a t i o n  from l a y e r s  below the  su r face .  
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I V .  SPECIFIC HEAT AND DENSITY 

Of the t h r e e  f a c t o r s  which may produce a low thermal con tac t  

c o e f f i c i e n t ,  s p e c i f i c  h e a t  i s  t h e  leas t  open t o  specu la t ion .  The 

d a t a  f o r  m o s t  minerals vary bu t  l i t t l e  from substance t o  substance,  

i f  w e  exclude H 0. Theories of E i n s t e i n ,  Debye, Born, and o t h e r s  

p r e d i c t  t ha t  t he  s p e c i f i c  h e a t  of s o l i d s  should vanish a t  a b s o l u t e  

zero and increase  gene ra l ly  wi th  temperature.  Muncey (l') s ta tes  

t h a t  t h i s  increase  w i l l  be nea r ly  l i n e a r  wi th  T. 

2 

To check Munceyls s ta tement ,  t h e  s p e c i f i c  h e a t s  of some t y p i c a l  

minera ls  and of c e r t a i n  igneous rocks are shown i n  F igs .  5 and 6. 

F igure  3 shows f o r  t h e  temperature range of i n t e r e s t ,  namely 170 - 
400 K, a general  i nc rease  bu t  a wide s c a t t e r  of t h e  p a t t e r n  of t h i s  

i nc rease .  

They show a d e f i n i t e  i nc rease  wi th  temperature,  bu t  n o t  a l i n e a r  one. 

The b e s t  f i t  of t h e  d a t a  i n  F ig .  6 i s  

0 

Rock d a t a  are  a v a i l a b l e  (I7) only  above 273OK (Fig.  6 ) .  

Figure 7 shows averages of t he  four  igneous-rock s p e c i f i c  

h e a t s  versus T 113 . Ext rapo la t ion  t o  lower than  observed temperatures 

l eads  through the  zero p o i n t  of both axes .  We t ake  t h i s  as an 

i n d i c a t i o n  t h a t  Eq. (9) may hold  gene ra l ly .  

bu t  only on T 

f o r  most lunar problems. 

I f  c depends, no t  on T,  

113 , t h e  temperature dependency can probably be  neg lec t ed  

How dens i ty ,  p, changes wi th  depth and temperature can ha rd ly  be 

judged without a sound theory  about t h e  way t h e  s u r f a c e  m a t e r i a l  came 
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i n t o  being. 

pulver ized the f i r s t  decimeter probably has  t o  be abandoned. The t o t a l  

cosmic-ray dose during the  moonls ex i s t ence  w a s  lo1' - lo1* rad i f  

cosmic-ray f l u x  was cons tan t  through the  ages.  The cosmic-rays could 

have the  same e f f e c t  on lunar  material  as a lpha  r ays  have on z i r con  and 

sphene. (19) 0 per mg occurs  i n  

these  n a t u r a l l y  r a d i o a c t i v e  minera ls ,  and helium escapes through cracks  

t h a t  a r e  thus opened. Since cosmic-ray pr imar ies  have much l a r g e r  

des t ruc t ive  volumes than a lpha  rays ,  we argue t h a t  t h e  f i r s t  10 cm 

of the lunar su r face  has  developed cracks  of t h i s  kind by cosmic-ray 

a c t i o n  (assuming 10 cm to  be the  average p e n e t r a t i o n  dep th ) .  

such cracks would cause mechanical imperfec t ions  o r  would in s t ead  

cause anneal ing i s  unknown. P e l l a s  r e p o r t s  v i t r i f i c a t i o n  of c e r t a i n  

materials under the  in f luence  of i o n i z i n g  r a d i a t i o n s .  (20)  

The a u t h o r ' s  hypothesis  (18) t h a t  cosmic r ays  may have 

16 Alpha-ray bombardment of more than 10 

Whether 

F u l l e r t o n ,  

r e p o r t s  t h a t  no e f f e c t  of i r r a d i a t i o n  on 

the  mineral  c l i n o p t i l o l i t e  has  been d e t e c t e d  up t o  exposures of 

8.4 x 10 rad absorbed dose.  Since t h i s  dose d i f f e r s  from the  t o t a l  

cosmic-ray dose on t h e  moon by only a f a c t o r  of  t e n  t o  a hundred, t he  

l i ke l ihood  of cosmic-ray d e s t r u c t i o n  of t h e  lunar  s u r f a c e  seems small .  

on the  o ther  hand, (21)  

9 

L i t t l e  i s  known, however, about t he  d i f f e r e n c e  i n  d e s t r u c t i v e  

fo rce  f o r  equal r a d  dosages of gamma rays  as compared t o  cosmic p r i -  

maries .  I n  b i o l o g i c a l  t e s t s  the  l a t t e r  are  considered much more 

des t ruc t ive  . 
Of other  explana t ions  of su r face  d e s t r u c t i o n  thermal f r a c t u r i n g  

has  been r e j ec t ed  by t h e  au thor  wi th  t h i s  s ta tement :  
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"Temperature e r o s i o n  i s  a l s o  un l ike ly .  The temper-  

a t u r e  changes f a s t  dur ing  an e c l i p s e  because of  t h e  porous 

su r face  s t r u c t u r e :  t he  sur face  i s  no t  porous because of 

t he  f a s t  changes i n  temperature.  A bare  rock on the  

su r face  of t h e  e a r t h ,  during the passage of a cumulous 

cloud,  w i th  accompanying changes of wind, r a d i a t i o n ,  and 

temperature,  undergoes much more r ap id  changes of s u r f a c e  

temperature  than  a ba re  rock on the  moon does dur ing  a n  

e c l i p s e .  l l ( W  

(22) This  s ta tement  i s  now v e r i f i e d  i n  g r e a t  d e t a i l  by Ryan. 

Rayed c r a t e r s  t e l l  t h e i r  own s t o r y  o f  v i o l e n t  expuls ion  of a 

r a t h e r  wh i t i sh ,  f i n e l y  d ispersed  matter. The r e f l e c t i v i t y  of  such 

material  f o r  l i g h t  has  been discussed above. 

These c r a t e r s  are assumed t o  be caused by meteor impacts. Af te r  

i n i t i a l  i m p a c t ,  t h e  main moving f o r c e  seems t o  have been t h e  gas cloud 

c r e a t e d  below t h e  su r face .  This ho t  gas would have expe l l ed  t h e  

broken s o l i d  and may have overtaken i t  i n  f l i g h t .  But i t  would 

have been a t  least  p a r t l y  in t e rcep ted  by the  s o l i d  d e b r i s ,  and both 

probably moved toge ther  i n  whatever Newtonian e l l i p s e  t h e i r  i n i t i a l  

v e l o c i t i e s  and the  moon's g rav i ty  p re sc r ibe .  Throw d i s t a n c e s  are 

probably i n  t h e  range of 10 to  1000 km. T i m e s  must have ranged from 

seconds t o  minutes,  speeds from 10 t o  100 m/sec, and gas k i n e t i c  speeds 

about  1000 m/sec. 

reason  t o  suppose t h a t  the  gas d ispersed  e n t i r e l y  before  h i t t i n g  

t h e  su r face  aga in ,  nor t h a t  the gases  flew e l l i p s e s  much d i f f e r e n t  

from t h e  d e b r i s .  

For l a r g e r  c louds of gas and d e b r i s ,  there is ne 
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We may p i c t u r e ,  t he re fo re ,  broken igneous rock surrounded by 

cool ing  gases of i t s  own kind, a r a t h e r  p e r f e c t  cementing agent .  

-8 Under p re s su res  of 10 mm Hg o r  l ess ,  outgassed dus t  samples  

cohere.  ( 2 3 )  So vacuum i t s e l f  seems i n  a sense t o  a c t  as another  

cementing agent .  

Both cementing processes  could r e s u l t  i n  a porous, a spongey, o r  

a f ib rous ,  r a t h e r  than a dus ty  s t r u c t u r e ;  f o r  t h e  r e s u l t i n g  lunar  

mater ia l ,  p would be i n v a r i a n t  t o  temperature  and t o  a c e r t a i n  degree 

t o  depth .  

I f ,  however, f i n e l y  d ispersed ,  uncemented dus t  covers  areas of 

t he  moon, g r a v i t y ,  momentum t r a n s f e r ,  and e l e c t r o s t a t i c  f o r c e s  have 

t o  be considered.  So la r  charged p a r t i c l e s  a r r i v e  mainly on t h e  day 

s i d e  of the moon, and of course,  p h o t o e l e c t r i c  charging a l s o  occurs  

mainly on t h e  same s i d e .  Both charging f a c t o r s  might produce 

r e g u l a r l y  r e c u r r i n g  day-to-night  changes of p.  
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V .  HEAT CONDUCTIVITY 

The conduc t iv i ty  of an agglomeration of p a r t i c u l a t e  matter i s  

lower than t h a t  of a compact s o l i d .  

i t  adds only a l i t t l e  t o  t h e  conduct iv i ty .  

through i n t e r s t i t i a l  space i s  absent ,  bu t  a l s o ,  thermal con tac t  

between ad jacen t  granules  may be weakened o r  l o s t .  The lc of loose 

material such as dus t  i s  always measurably h ighe r  than t h a t  of a i r  

and k dec l ines  This  d e c l i n e  seems t o  

r e s u l t  from the  d i s s i p a t i o n  of the  thermal gas br idges  a t  t he  con tac t  

p o i n t s  of granules ,  r a t h e r  than from the  l e s sen ing  of conduction 

through gas i n  i n t e r s t i c e s .  These br idges  form near  t he  mechanical 

con tac t  p o i n t s  of two s o l i d s ;  d i s t ances  s o l i d - t o - s o l i d  are very s h o r t ,  

and t h e r e f o r e  conduction i s  high. 

I f  a gas f i l l s  t he  i n t e r s t i c e s ,  

I n  a vacuum, h e a t  conduction 

wi th  a i r  pressure,  p (F ig .  8 ) .  

- 10 
On the  moon, p i s  less than 10 mrn Hg;(') degassing has gone 

on f o r  b i l l i o n s  of years.  

From temperature  measurements of  dark a r e a s  dur ing  lunar  e c l i p s e s ,  

thermal con tac t  c o e f f i c i e n t s  ( 

r epor t ed .  ( 2 )  With p c near  1.0 cgs ,  w e  expect  k va lues  between 1 .4  

and 6.3 x 10 cgs .  This  i nd ica t e s  a loose  mater ia l .  

G) between 0.0012 and 0.0025 a r e  

-6 

To understand the  measured Jk p c values ,  w e  look f o r  labora tory  

d a t a  measured on loose ma te r i a l  i n  a vacuum. F igure  8 con ta ins  d a t a  f o r  

powders of c a r b o r i i n d ~ ~ ~ ,  and XgO, taken from Landol t -Bsrnstein.  (17) 

These powders have average gra in  s i z e  of 27 and 10 microns r e s p e c t i v e l y ,  

We s e e  a marked d e c l i n e  of k with decreas ing  p. On the  a u t h o r ' s  advice ,  

t he  Boeing Company measured the conduc t iv i ty  of  crushed b a s a l t  
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powder of about ?-micron g r a i n  s i z e  and of powder density, p,2.61 gm ~ m - ~ .  

The powder was v ib ra t ed  i n  a i r ,  degassed i n  vacuum, removed from vacuum 

and aga in  v ib ra t ed  i n  a i r  and degassed i n  vacuum. 

E w a s  determined over  0.36 m 

t h i c k .  Tes ts  s t a r t e d  a t  t h e  lowest a t t a i n e d  p res su re  and continued 

with p increased  i n  s t e p s .  Most t e s t s  were made wi th  t h e  co ld  s i d e  

a t  77OK and the  w a r m  s i d e  a t  260°K. 

were a l s o  made wi th  t h e  w a r m  s ide  a t  about 434 and 513 K.  

s i d e  was he ld  a t  77 K throughout. (24) 

unfor tuna te ly  l a r g e ;  w i t h i n  the dus t  l a y e r ,  the l o c a l  conduct iv i ty  w i l l  

be d i f f e r e n t  from l aye r  t o  layer  i f  k depends on T.  

changes wi th  the  average of  T dur ing  each t e s t .  

Bulk conduct iv i ty  

(4  square f e e t )  of d u s t  25 m (1 inch)  2 

A t  low p res su res ,  however, tes ts  

0 The cold 

0 These temperature gaps a r e  

A s  Fig .  8 i n d i c a t e s ,  

For common i n s u l a t o r s ,  such as glass-wool, (25) the  increase  of 

k wi th  T i s  due pr imar i ly ,  a t  h igh  T, t o  the  inc rease  i n  the  r a d i a t i o n  

c o n t r i b u t i o n  and only t o  a l e s s e r  ex ten t  t o  t h e  inc rease  of a i r  

conduct iv i ty  wi th  temperature.  The former w i l l  be propor t iona l  t o  

where Ta, Tb, and T are  the  temperatures of two f a c i n g  b lack  planes,  

and t h e i r  average. 

To eva lua te  k(T) from the few a v a i l a b l e  bulk da t a ,  we assume t h a t  

3 k = a + b T  

where a and b a re  cons t an t s .  

s o l i d  con tac t  conduc t iv i ty  and of  r a d i a t i o n a l  exchange conduct iv i ty .  

Equation (1O)means t h a t  k i s  composed of 
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During equi l ibr ium,  we have the  h e a t  flow Q 

where A x i s  the  d i s t ance  between 

T1 and To a r e  the  temperatures of 

t he  h e a t i n g  and cool ing  p l a t e s  and 

the  ho t  and co ld  p l a t e s  r e s p e c t i v e l y .  

In t eg ra t ing  Eq. (11) from 0 t o  1 and knowing t h a t  

1 
dx = A x, 

0 

we have ( A  T = T1 - To) 

4 4  - b T1 - TO 
k = a + -  4 A T  

-5 Experimental da t a  a r e  shown i n  F ig .  9 .  An eye f i t  r e s u l t s  i n  a = 0.9 x 10 

-1 -1 -1 -1 -1 -4 
c a l  cm sec deg and b = 5.24 x c a l  cm sec  deg . I f  

A T << To, E q .  (12)  changes t o  one v a l i d  f o r  each l aye r  of our  sample 

(F ig .  10). 

n Another approach would be t o  t r y  k p ropor t iona l  t o  T ; t h e  r e s u l t  

i s  n = 2.3. This ,  however, would no t  be a phys ica l ly  expla inable  model. 

The component r e spons ib l e  f o r  t he  p re s su re  in f luence  i n  F ig .  8 

i s  obviously our f a c t o r  5 i n  Eqs. (10) and (11). 

value might become small, l eav ing  us  with the  r a d i a t i o n a l  f a c t o r  

With lower p t h i s  

b T 3 a lone .  

With p c about 1 cgs,  t he  lunar  measured k i s  smaller than  t h e  

r e s u l t  of the Boeing experiment.  Also, p i s  of course ,  much smal le r .  

The lunar  2 value might w e l l  vanish,  l eav ing  k p ropor t iona l  t o  T . 
We should not f o r g e t ,  however, t h a t  F igs .  8 - 10 concern only one 

inves t iga t ion .  

3 

But i t  is  c l e a r  t h a t ,  on exper imenta l  as w e l l  as 
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Fig. 9- Measured bulk conductivity k of basalt - powder 
layer versus temperature factor 
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Fig. IO -  Heat conductivity k of crushed basalt from 

Eq. (12 ) versus temperature 
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t h e o r e t i c a l  grounds, w e  have no cause t o  presume a cons tan t  k f o r  

lunar  mater ia l .  

Should vacuum or  rock-vapor cementing cause a f ib rous  

r a t h e r  than a dusty 

be smaller than  would be t h e  case  i f  g ranules  became packed under 

g r a v i t y .  With dk? given from observa t ions ,  we would then  

have a correspondingly higher  k and an  even h igher  va lue  of t he  

thermal d i f f u s i v i t y  x = k / (p c ) .  

type of lunar su r face ,  as h i n t e d  above,p could 

Radio da ta ( ' )  y i e l d ,  f o r  a given time of luna t ion ,  t he  r a t i o  

of X 

t h e  d i e l e c t r i c  cons t an t .  

t o  oc1l2 where CJ i s  the e l e c t r i c a l  conduct iv i ty  and c 
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V I .  RADIO MEASUREMENTS 

The b e s t  way t o  eva lua te  t h e  phys ica l  p r o p e r t i e s  of t h e  deep 

l a y e r s  i s  probably by s tudy of the  lunar  r a d i o  emission. Since 

e l e c t r i c  conduct iv i ty  depends on the  r a d i o  wavelength, r a d i o  s i g n a l s  

rece ived  a t  longer wavelengths a r i s e  from deeper l a y e r s .  Some 

d iscrepancies  i n  conduc t iv i ty  have been explained (26)  by assuming 

t h a t  cons iderable  q u a n t i t i e s  of C a ,  N a ,  and i r o n  oxides  occur i n  

t h e  lunar  su r face  mater ia l .  There might be a more complex explana t ion :  

Every f o r  example, chemical d i s s o c i a t i o n  by cosmic r a d i a t i o n .  

molecule of t he  f i r s t  decimeter  o r  so of lunar  su r face  has  been i n  

the  center  beam of a cosmic-ray primary and has  rece ived  10l1 r ad  

of cosmic r ays .  This took p lace  i n  e s s e n t i a l l y  an  a b s o l u t e  vacuum, 

Should d i s s o c i a t i o n  of oxides  be t h e  r e s u l t ,  gaseous oxygen may 

have disappeared and l e f t  m e t a l l i c  atoms behind. Metal atoms so 

l i b e r a t e d  could conceivably cause an inc rease  of e l e c t r i c a l  

conduct iv i ty  . 

(18) 
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V I I .  SUMMARY 

Evaluat ion of lunar  su r face  parameters by use of t e r r e s t r i a l  

r a d i a n t  h e a t  measurements should t ake  i n t o  account t he  p o s s i b i l i t i e s  

( a )  t h a t  t h e  top  l a y e r s  may be p a r t l y  permeable t o  in f r a red  emission;  

(b )  t h a t  the  whi te  su r face  a reas ,  such as t h e  crater Ar is ta rchus ,  

permit s o l a r  r a d i a t i o n  t o  pene t r a t e ;  (c )  t h a t  t he  s p e c i f i c  h e a t  of 

rocks depends only  on ,'I3, no t  on T as claimed, and the  d e n s i t y  

may be lower than  it  would be  from packing; (d)  t h a t  the  h e a t  

conduc t iv i ty  of d u s t  decreases  wi th  a i r  pressure ,  and a t  low 

pres su res ,  with T ;  and (e) t h a t  i o n i z i n g  r ays  could have l i b e r a t e d  

m e t a l  atoms, thus  r a i s i n g  the e l e c t r i c a l  conduct iv i ty .  
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